The distinct morphological and functional properties of the cardiac chambers arise from an elaborate developmental program involving cell lineage determination, morphogenesis, and dynamic spatiotemporal gene expression patterns. Although a number of transcription factors have been identified for proper gene regulation in the chambers, the complete transcriptional network that controls these patterns remains poorly defined. Previous studies have implicated the MEF2C transcription factor in the regulation of chamber-restricted enhancers. To better understand the mechanisms of MEF2-mediated regional gene regulation in the heart, we took advantage of MEF2A knock-out (KO) mice, a model that displays a predominantly ventricular chamber phenotype. Transcriptomic analysis of atrial and ventricular tissue from adult MEF2A KO hearts revealed a striking difference in chamber gene expression, with a larger proportion of dysregulated genes in the atrial chambers. Canonical pathway analysis of genes preferentially dysregulated in the atria and ventricles revealed distinct MEF2A-dependent cellular processes in each cardiac chamber. In the atria, MEF2A regulated genes involved in fibrosis and adhesion, whereas in the ventricles, it controlled inflammation and endocytosis. Finally, analysis of transcription factor-binding site motifs of differentially dysregulated genes uncovered distinct MEF2A co-regulators for the atrial and ventricular gene sets, and a subset of these was found to cooperate with MEF2A. In conclusion, our results suggest a mechanism in which MEF2 transcriptional activity is differentially recruited to fine-tune gene expression levels in each cardiac chamber. This regulatory mechanism ensures optimal output of these gene products for proper physiological function of the atrial and ventricular chambers.
The atrial and ventricular chambers of the mammalian heart have distinct anatomical and functional properties that are necessary for the coordinated and efficient pumping of blood. These differences arise from morphogenetic events coupled to cell specification pathways within myocyte and non-myocyte lineages that create the atria and ventricles from a linear heart tube (1, 2) . Moreover, these developmental programs lead to regional gene expression patterns that are unique to the atrial and ventricular chambers (3) (4) (5) . The importance of these gene expression patterns is highlighted by cardiac defects in mouse model systems that display distinct atrial and ventricular chamber dysregulation (6 -11) .
The establishment of atrial and ventricular identity from cardiomyocyte precursors occurs early in the developing heart (12) (13) (14) . Throughout development these gene programs undergo dynamic gene regulation to ultimately express a fixed compartment-specific gene expression pattern postnatally. Investigating the transcriptional regulation of chamber-restricted genes has led to the identification of a number of enhancers and transcription factors required for distinct regional expression patterns in the heart (15, 16) .
The myocyte enhancer factor 2 (MEF2) family of transcription factors is a key regulator of cardiac muscle differentiation and development (17, 18) . Interestingly, MEF2 proteins have been implicated in the regulation of atrial and ventricular chamber-restricted genes (19 -23) . Based on their reported uniform expression throughout the heart, it is unlikely that MEF2 proteins alone drive chamber-specific gene programs. Nevertheless, these observations suggest that MEF2 proteins play an important modulatory role in the regional expression of cardiac genes.
Previously, we described the variable penetrance of cardiac defects in global MEF2A knock-out (KO) mice. Perinatal MEF2A-deficient hearts displayed dilation of the right and left ventricles, including structurally compromised cardiomyocytes (24, 25) . By contrast, adult MEF2A mutant hearts did not display ventricular dilation but showed compensatory activation of a MEF2-dependent reporter that was largely restricted to the ventricles. Because both young and adult mutant hearts display predominantly ventricular phenotypes, these observations suggest that the atria and ventricles are differentially affected by the loss of MEF2A.
To delve deeper into a potential regional requirement of MEF2A in the heart, we performed genome-wide expression profiling of atrial and ventricular chambers from adult MEF2A KO mice. We found that genes uniformly expressed throughout the chambers of the heart were dysregulated preferentially in the atria or ventricles. Consequently, each cardiac chamber had perturbations in disparate cell-signaling pathways. Only a small fraction of the total dysregulated genes were similarly affected in both atria and ventricles of MEF2A mutant hearts. To understand the transcriptional basis of this regional gene dysregulation pattern, we computationally analyzed the promoter regions of genes preferentially dysregulated in the atrial and ventricular chambers, and we identified a distinct complement of transcription factor-binding sites in each gene set. Our results demonstrate that MEF2A is required for proper atrial and ventricular gene expression but does not confer chamber identity. These findings provide insight into the complex transcriptional mechanisms of region-specific gene expression in the mammalian heart.
Results

Differential gene dysregulation in cardiac chambers of MEF2A knock-out mice
Global MEF2A deficiency in mice results in two distinct cardiac phenotypes (23) . Most MEF2A knock-out (KO) mice (ϳ80%) die perinatally and display various cardiac defects, including dilation of the right and left ventricles. A subset of KO mice survive to adulthood and also have cardiac abnormalities. However, these adult mutant hearts do not display ventricular dilation, instead a MEF2-responsive lacZ reporter is primarily up-regulated in the right and left ventricles, likely resulting from stress-induced activation of MEF2D (23) . Given the predominant ventricular phenotypes in MEF2A mutant hearts, we hypothesized that the atria and ventricles have a differential requirement for MEF2A in cardiac chamber gene regulation.
To characterize potential differences in cardiac chamber gene regulation mediated by MEF2A, we dissected atrial (left and right combined) and ventricular (left and right) tissue from adult wild-type (WT) and MEF2A KO hearts, and we analyzed the extracted RNA via microarray. As shown in Fig. 1A , this analysis revealed a combined total of 686 genes dysregulated by Ϯ1.5-fold or more. Interestingly, the scatter plots showed a greater number of genes dysregulated in MEF2A KO atria compared with KO ventricles. Indeed, detailed examination of the 686 dysregulated genes revealed that 481 genes (70%) were preferentially dysregulated in the atrial chambers of MEF2A knock-out hearts ( Fig. 1A , Venn diagram), even though the vast majority of these genes are uniformly expressed in the atrial and ventricular chambers of WT hearts ( Fig. 1B) . By contrast, only 158 genes (23%) were preferentially dysregulated in mutant ventricles, and the majority of these do not display chamberenriched expression in WT hearts. The remaining 47 genes (7%) were dysregulated by Ϯ1.5-fold or more in both chambers of the mutant hearts. Chamber-enriched genes, i.e. genes displaying Ϯ2.0-fold or more expression in one WT chamber relative to the other, accounted for a small percentage of the dysregulated genes in each KO chamber ( Fig. 1B) .
Although the atrial chambers had more dysregulated genes, the extent of dysregulation was found to be similar in each compartment. Genes preferentially affected in the atria were dysregulated on average by Ϯ1.76-fold, and those in the ventricles were dysregulated on average by Ϯ1.87-fold (Fig. 1C) . Interestingly, the average fold dysregulation was far greater for those genes affected in both chambers, Ϯ2.4-fold in atria and Ϯ2.6-fold in ventricles. Although there were more dysregulated genes in the MEF2A KO atria, the proportion of up-and downregulated genes was similar in both KO atria and ventricles ( Fig.   1D ). Taken together, this expression profiling analysis revealed differential chamber sensitivity of genes to the loss of MEF2A despite its reported uniform expression throughout all chambers of the heart. Furthermore, most genes sensitive to the loss of MEF2A in both chambers were dysregulated in a similar direction. Finally, the abundance of preferentially dysregulated genes in MEF2A KO atria is in stark contrast to the more obvious ventricular phenotypes in these mutant hearts.
Validation of preferentially dysregulated genes in MEF2A KO hearts
To confirm the differential chamber sensitivity, we examined expression of a subset of genes from each of the dysregulated gene sets. The genes selected for this analysis are expressed throughout the heart but either showed preferential dysregulation in one of the mutant cardiac chambers or were affected in both. As depicted in Fig. 2A , Arhgef19, Chrdl2, Clic6, Itga7, and Shisa6 were preferentially and significantly dysregulated in MEF2A KO atria but not in the ventricles. Likewise, expression of Bex1, Fbxo4, Fgf16, Pknox2, and Slitrk4 was preferentially dysregulated in the ventricles but not in the atria (Fig. 2B ). Finally, Aqp4, Arhgap20, Asb4, Fgf14, and Pde7a genes were significantly dysregulated, either up-or down-regulated in both atria and ventricles of MEF2A KO hearts ( Fig. 2C ).
Canonical dysregulated pathways in MEF2A KO atria and ventricles
To determine whether the preferentially dysregulated genes function in distinct pathways we performed Ingenuity Pathway Analysis (Qiagen) on the three gene sets. As shown in Table  1 , genes preferentially dysregulated in MEF2A KO atria function in fibrosis, stem cell pluripotency, and adhesion. By contrast, genes dysregulated primarily in the mutant ventricles function in inflammation, amino acid metabolism, and endocytosis signaling. The cohorts dysregulated in both chambers function in folate transformation and ubiquitination pathways, although enrichment in these processes was modest given the small number of genes in this category. These results suggest that dysfunction in adult MEF2A KO hearts arises, in part, not from a globally defective pathway throughout the organ but from the cumulative effect of abnormal regulation of distinct cellular processes in each cardiac compartment.
Next, we analyzed expression or activity of selected components from the canonical pathways identified in the ingenuity pathway analysis (Table 1) in MEF2A KO hearts to assess whether these cellular processes were perturbed in a chamberspecific fashion. Specifically, we subjected atrial and ventricular tissue lysates from adult wild-type and MEF2A KO hearts to Western blot analysis for focal adhesion kinase (FAK) 2 and TRAF6 (TNF receptor-associated factor 6). Among their role in diverse signal transduction cascades, FAK and TRAF6 activities are modulated by the integrin/adhesion and macrophage-stim-ulating protein-recepteur d'origine nantais (MSP-RON) pathways, respectively (26 -29) . Adhesion was among the top dysregulated pathways in MEF2A KO atria, whereas MSP-RON, a receptor tyrosine kinase pathway involved in cancer and inflammation (28, 29) , was the top dysregulated pathway in mutant ventricles. As shown in Fig. 3 , A and B, we detected a modest but significant down-regulation of phosphorylated FAK, an indicator of its activity, in MEF2A KO atria but not ventricles. Conversely, TRAF6 was preferentially and significantly down-regulated in the ventricles of adult MEF2A mutant hearts. These data highlight the distinct cellular responses of the cardiac chambers to the loss of a broadly expressed tran-scription factor and provide support for differential gene regulatory activity of MEF2A in the atria and ventricles of the heart.
MEF2A expression is uniformly expressed throughout the adult heart
A previous study described enrichment of MEF2A protein in the atrial chambers of the adult mouse heart (30) . Because a majority of the dysregulated genes were preferentially affected in the atria, we sought to determine whether this expression pattern could explain the differential sensitivity to MEF2A. Initially, we examined Mef2a transcript levels in both cardiac
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chambers. RT-PCR analysis revealed similar transcript levels of Mef2a between adult wild-type atrial and ventricular cardiac chambers ( Fig. 4A ). Additionally, given the possibility that alternatively spliced transcripts generated by the Mef2a gene (31) could account for chamber-specific differences, we analyzed expression of the various Mef2a splice isoforms in atrial and ventricular tissue. We did not observe any difference in these alternatively spliced transcripts between atrial and ventricular tissue (data not shown).
To address the above discrepancy, we compared MEF2A protein levels between atria and ventricles by performing immunohistochemistry on adult cardiac sections using anti-MEF2A antibody (Santa Cruz Biotechnology sc-313), which preferentially recognizes the MEF2A protein isoform (32) . MEF2A immunoreactivity appeared enriched in myocytes within the atrial chambers compared with the ventricles of the heart (Fig. 4B) . Because the increased signal in the atria may reflect the higher density of atrial myocytes per area of tissue,
Relative expression A, quantitative RT-PCR analysis revealed that Arhgef19, Chrdl2, Clic6, Itga7, and Shisa6 were preferentially dysregulated in adult MEF2A KO atria by more than 2-fold when compared with their expression in KO ventricles. Expression levels for each gene in KO atria and ventricles were normalized to their respective WT cardiac region. B, quantitative RT-PCR analysis revealed that Bex1, Fbxo44, Fgf16, Pknox2, and Slitrk4 were dysregulated in KO ventricles by more than 2-fold compared with KO atrial tissue. C, quantitative RT-PCR analysis revealed that Aqp4, Arhgap20, Asb4, Fgf14, and Pde7a were dysregulated by more than 1.5-fold in both KO atria and ventricles. Error bars represent standard deviation; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
because of their smaller size, we normalized the MEF2 signal to DAPI-positive cells in each chamber. On normalization of MEF2A-positive myocytes to nuclear DAPI-positive cells, a similar fold difference was observed between wild-type atria and ventricles ( Fig. 4C) . In a complementary set of experiments, MEF2A protein levels were evaluated by Western blotting using whole-tissue lysates from each cardiac chamber. Again, MEF2A protein levels appeared higher in atrial lysates compared with ventricular lysates (Fig. 4D ). However, MEF2A protein levels were found to be similar between atria and ventricles when normalized to the nuclear protein histone H3 (Fig. 4E) .
To obtain a more detailed picture of MEF2A expression in the adult heart, we co-immunostained adult wild-type cardiac sections with anti-MEF2A and epicardial or endocardial markers. As shown in Fig. 4F , MEF2A signal was localized to the nuclear cardiac myocytes within the myocardium and did not overlap with that of either PECAM (endocardium) or WT1 (epicardium). These results clearly demonstrate that MEF2A is not preferentially expressed in the atria of the adult heart, and the apparent chamber-specific differences in protein expression can be explained by the different sizes and densities of atrial and ventricular myocytes per mass of tissue. Furthermore, MEF2A protein is restricted to the myocardium in the atria and ventricles thereby ruling out differences arising from expression in additional regions of the adult heart.
Atrial and ventricular chambers display similar MEF2 DNA-binding activity
We next asked whether differences in MEF2 DNA-binding activity in the cardiac chambers could account for the preferential dysregulation. Initially, electrophoretic mobility shift assays were performed to evaluate MEF2 binding from atrial and ventricular lysates in vitro. Similar to the Western blot analysis, gel-shift assays using whole-tissue lysates from each chamber showed greater MEF2 DNA-binding activity in atrial lysates ( Fig. 5A, left panel) . As a control, we used a probe harboring the CaRG element, the consensus binding site for serum-response factor (SRF), a widely expressed TF important in cardiac gene regulation, and development (33) . SRF also showed differences in atrial and ventricular DNA-binding activity (Fig. 5A, right panel) . On normalization to the SRF DNA-binding pattern there was no significant difference in MEF2 DNA-binding activity between the cardiac chambers ( Fig. 5A, graph) . Thus, the apparent enrichment of MEF2-binding activity in atrial lysates reflects differences between atrial and ventricular myocyte volumes.
We also asked whether MEF2A deficiency altered MEF2 DNA binding in a chamber-specific manner. Differences in MEF2 binding between mutant atrial and ventricular lysates would suggest a chamber-specific effect on the DNA-binding activity of remaining MEF2 protein isoforms and/or composition of MEF2 complexes. As shown in Fig. 5B , the reduction in MEF2 DNA-binding activity observed in MEF2A KO atrial and ventricular lysates was not significantly different. These results clearly demonstrate that the proportion of MEF2A in MEF2 DNA-binding complexes is similar between the atria and ventricles and that MEF2A deficiency did not alter MEF2 DNAbinding activity in a chamber-specific fashion.
Next, we examined endogenous MEF2 genomic binding to promoter regions of selected dysregulated genes to determine whether differences in MEF2A binding in vivo could help explain the observed preferential dysregulation. For this analysis, we focused on the same set of dysregulated genes described in Fig. 2 . Predicted MEF2 sites ( Fig. 5C ) were identified in the upstream regions of these genes based on available ENCODE MEF2A ChIP-seq data (accession numbers ENCSR806JZK and ENCSR867SDZ) and the MEF2 consensus sequence (5Ј-YTAWWWWTAG-3Ј). Although there was slight variability in the MEF2 consensus sequence, these minor differences did not group together with genes displaying similar preferential dysregulation. Chromatin immunoprecipitation (ChIP) was per- 
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A. A, immunoblot analysis of phospho-FAK (p-FAK) and total FAK, TRAF6, and GAPDH proteins levels between WT and KO samples in atrial and ventricular lysates. 15 g of cleared lysate was loaded onto each lane. B, quantification of p-FAK and TRAF6 protein signal between WT and KO samples in atrial and ventricular lysates. p-FAK levels were normalized to total FAK levels before normalizing to GAPDH levels, and TRAF6 levels were normalized to GAPDH levels. Quantified KO levels were normalized to respective WT levels for each tissue comparison. Error bars represent standard deviation; n.s., not significant; *, p Ͻ 0.05; **, p Ͻ 0.01.
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formed on cross-linked atrial and ventricular tissue from adult wild-type hearts using MEF2A antibodies (Santa Cruz Biotechnology), which we previously reported preferentially recognizes MEF2A (28) . As shown in Fig. 5C, MEF2A binding was enriched at the predicted MEF2 sites. However, binding of MEF2A to these regions was not significantly different between these genes. Multiple attempts to assess binding of MEF2A to these genes in ventricular tissue by ChIP proved unsuccessful.
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Nevertheless, the similarity in enrichment of MEF2A binding to these genomic regions, whose genes display differences in chamber sensitivity, does not explain the differential chamber dysregulation profile.
To bolster the in vivo ChIP analysis and to demonstrate that the dysregulated target genes are directly regulated by MEF2A, we cloned the genomic regions harboring the candidate MEF2binding site from a representative gene in each category: Itga7 (preferentially dysregulated in the atria) and Bex1 (preferentially dysregulated in the ventricles). As shown in Fig. 5 , D and E, transfection of MEF2A significantly stimulated the activation of both pGL3p-Itga7 (2.9-fold) and pGL3p-Bex1 (2.3-fold) in HEK293T cells.
Identification of candidate MEF2A co-factors
The lack of any obvious difference in MEF2A expression or binding activity suggests that differential sensitivity of genes in the cardiac chambers results from the ability of MEF2A to interact with a distinct set of cofactors. Toward this end, we performed TF-binding motif analysis using MatInspector (Genomatix) on dysregulated genes from each group. This analysis revealed a distinct set of enriched TF-binding sites in each gene set ( Table 2) .
Of the top enriched TF-binding sites in each cardiac chamber category, we focused on those bound by the estrogen receptor (ER), NKX homeodomain, and the HAND family. The ERbinding site was found to be over-represented in genes preferentially dysregulated in the atria; the NKX homeodomain site was enriched in the preferential ventricular cohort, and the HAND-binding site was found in genes dysregulated in both chambers. The ER is known to have a protective effect on the heart, and differences in cardiac chamber expression of ER isoforms (␣ and ␤) have been reported (34, 35) . Members of the NKX and HAND family are core cardiac TFs required for proper chamber development (36, 37) .
Transcriptional cooperativity between MEF2A and candidate co-factors
To test potential transcriptional cooperativity between MEF2A and the candidate TFs, we used the 1.5-kb proximal 
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promoter of the Xirp2 (myomaxin and Xin␤) gene as our readout. Although this gene was not part of the differential gene set, it is an established and direct target of MEF2A and harbors multiple DNA-binding sites for these candidate TFs (Fig. 6A ) (38) enabling us to examine the functional interaction among these cardiac TFs. As shown in Fig. 6B , the 1.5-kb Xirp2-luciferase reporter was significantly activated by MEF2A alone as expected. This reporter was also activated by ER␤ (upper), Nkx2.5 (middle), and HAND2 (lower) individually. By contrast, the 1.5-kb Xirp2 reporter was not significantly activated by ER␣ (upper graph) or HAND1 (lower graph) alone. However, co-transfection of MEF2A with ER␤, Nkx2.5, and HAND2, and to a lesser extent HAND1, resulted in significant cooperative activity.
To demonstrate that MEF2A and these TFs function cooperatively in cardiac muscle, we performed this analysis in neonatal rat ventricular myocytes (NRVMs). Because the 1.5-kb Xirp2-luciferase reporter showed an exceedingly high basal activity in NRVMs in the absence of any transfected TF, we used a 0.3-kb Xirp2-luciferase reporter (Fig. 6A, lower schematic) . This minimal promoter, which contains the conserved Ϫ75 MEF2 site and lacks all but a single predicted binding site for ER, Nkx2.5, and HAND, displayed lower basal activity in NRVMs (data not shown). ER␣, Nkx2.5, HAND1, or HAND2 individually did not significantly activate the 0.3-kb Xirp2-luciferase reporter, whereas ER␤ alone had a modest but significant effect on the reporter (Fig. 6C ). Co-transfection of MEF2A with ER␤, Nkx2.5, and HAND2 and to a lesser extent ER␣ and HAND1 resulted in significant cooperative activation. It is interesting to note that in both HEK293T cells and NRVMs, ER␤ and HAND2 displayed higher cooperative activity compared with ER␣ and HAND1 protein isoforms. These results demonstrate that MEF2A interacts with those TFs predicted to have enriched binding sites in the preferential dysregulated gene sets. In the future it would be interesting to evaluate potential atrial and ventricular chamber-specific gene regulation between MEF2A and the candidate co-regulators.
Discussion
Molecularly defining the mechanisms by which atrial and ventricular cardiomyocytes develop their distinct cellular and functional properties is essential for refining approaches to promote specific myocyte lineages from precursor populations, including embryonic and induced pluripotent stem cells, and for directed reprogramming of cardiomyocytes. In this report we demonstrate that genes uniformly expressed throughout the adult heart are differentially sensitive to the loss of MEF2A. This preferential dysregulation resulted in distinct cell signaling perturbations in each of the cardiac chambers of MEF2A KO mice making the mutant phenotype far more complex than previously recognized. Taken together, our results suggest that proper chamber gene regulation in the heart is not only driven by lineage-restricted TFs but also by broadly expressed cardiac TFs that impart robustness to gene expression patterns in myocytes within each compartment.
A number of cardiac genes display dynamic expression patterns in development, reflecting the spatiotemporal activity of multiple enhancers (16, 39 -40) . Although the activity of a given enhancer may be restricted in the heart, their collective activity drives uniform expression throughout the heart. Perhaps the preferential dysregulation of MEF2A target genes reflects region-specific enhancers embedded within the regulatory regions of these uniformly expressed genes that are dependent on MEF2 transcriptional activity. MEF2 has been implicated in chamber-restricted gene expression. Ventricular expression of a minimal enhancer of the Mlc2v gene in the Table 2 Candidate co-factor analysis of MEF2A-dependent genes The 5 ,000-bp proximal promoters from the three dysregulation gene sets were analyzed for predicted MEF2 sites and then analyzed for additional neighboring transcription factor-binding sites within 50 bp of predicted MEF2 sites (Genomatix). In each gene set, over-representation and Z-score for each MEF2-TF module is calculated (Z-score greater than 2 is considered statistically significant). For each gene set, the top 10 over-represented MEF2-TF modules are listed and rearranged according to representation in each gene set. 
Fold over-representation/Z-score in promoters of genes
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embryonic mouse heart was shown to be dependent on a MEF2 site (19) . In addition, the atrium-enriched ANF gene has been shown to be co-regulated by GATA4 and MEF2 (20) and MEF2A and Pitx2 (21) . MEF2C is required for the proper regulation of enhancers of the BOP and Hcn4 genes in the right ventricle and atrioventricular conduction system, respectively (22, 23) . Finally, although not functionally tested, the atrium-enriched Mlc2a and sarcolipin genes harbor candidate MEF2 sites in their upstream regulatory regions (15) . Taken together, these observations reinforce the notion that MEF2 proteins are necessary to coordinate proper cardiac chamber gene expression. It is curious that there was a greater number of dysregulated genes in the atria even though MEF2A mutant hearts have a prominent ventricular phenotype as described previously (24) . Despite the relatively small numbers of dysregulated genes in the ventricular chambers, it is possible that this particular cohort, based on their cellular function, triggers a more readily observable pathophysiological phenotype in this compartment. Alternatively, the defect(s) caused by the collection of dysregu- 
lated atrial genes may be subtle or the atrial chambers may be more resilient to cellular perturbations stemming from aberrant gene regulation. For example, cellular adhesion was among the top dysregulated pathways in MEF2A KO atria. We examined the localization of N-cadherin, a prototypical adhesion molecule important in the heart (42) in adult MEF2A KO atria, but did not find significant differences in its localization compared with wild-type or between KO atria and ventricles. However, the activity of FAK, a downstream effector of integrin signaling, was significantly and preferentially down-regulated in mutant atria. Integrin signaling has been implicated in the development of fibrosis in heart disease (43) . We examined fibrosis in MEF2A KO hearts but found the extent of these lesions to be highly variable and not significantly different between atria and ventricles (data not shown). Perhaps subjecting these mutant animals to insults that promote fibrosis in the heart may ultimately reveal chamber-specific susceptibility to this particular pathology.
MSP-RON signaling emerged as the top canonical pathway among the ventricular gene set. MSP-RON is a receptor tyrosine kinase pathway that functions prominently in cancer and in inflammation (28, 29) . Curiously, the MSP-RON signaling pathway does not have a dedicated cohort of cytoplasmic transducers but instead modulates the activity of effectors associated with other signal transduction cascades such as PI3K, inducible nitric-oxide synthase, and TRAF6 (29) . TRAF6 is activated by the Toll-like receptor to promote inflammation, whereas MSP-RON signaling antagonizes this activity through an LKB1-AMPK-SHP transduction cascade (44) . Although the mechanism remains unclear, reduced levels of TRAF6 in MEF2A KO ventricles suggest attenuation of pro-inflammatory pathways in this cardiac compartment. Further analysis of MEF2A mutant mice in the context of myocardial infarction, which triggers a significant immune response (45) , may deepen our molecular understanding of inflammation in heart disease and chamberspecific myocardial remodeling.
The identification of binding sites for the NKX and HAND family of transcription factors supports prior genetic and molecular evidence linking these TFs to the MEF2 pathway. The enrichment of Nkx-binding sites in genes with preferential dysregulation in MEF2A KO ventricular chambers is consistent with the known genetic interaction of MEF2C and Nkx2.5 in ventricular morphogenesis (46) . Our results raise the possibility that a regulatory switch occurs between MEF2 protein isoforms and Nkx2.5 to spatially and temporally regulate genes in the developing and postnatal heart. In a similar fashion, MEF2A and MEF2C were each shown to interact with HAND proteins (47) . HAND proteins display an intricate expression pattern in the developing heart. HAND1 is expressed in the myocardial cuff on the cardiac outflow tract. HAND2 is expressed in myocardium, endocardium, and epicardium as well as the underlying pharyngeal mesoderm of the second heart field. Thus, overrepresentation of the HAND E-box motif in genes that are dysregulated in both chambers of MEF2A KO hearts is consistent with the complementary spatiotemporal expression patterns of these factors. Presumably, MEF2A interacts with a distinct HAND protein isoform in each cardiac chamber.
Expression of estrogen receptor isoforms has been described in the heart of adult rodents. In rats, ER␣ mRNA is more abundant in atria compared with ventricles, whereas ER␤ is uniformly expressed (48) . However, in mice, ER␣ protein appears to be more abundant in ventricles, but similar to the rat study ER␤ is expressed in both chambers. These expression patterns do not strictly correlate with the enrichment of ER-binding sites in the preferential atrial dysregulated genes. This suggests that additional mechanisms beyond MEF2 and ER cooperativity are required for the observed chamber sensitivity of these genes.
The differential chamber sensitivity of cardiac genes may provide a mechanism by which the dysfunctional heart regionally reprograms gene expression according to the specific insult. In this instance, modulation of MEF2 activity through preferential interaction with co-regulators would drive a chamber-specific gene regulatory response as part of the pathological remodeling of the heart. Along these lines, a MEF2-dependent transgene, a reporter that responds to all mammalian MEF2 isoforms, showed preferential atrial activation of the reporter when mice were subjected to various cardiac insults such as isoproterenol, angiotensin II, and thyroid hormone (30) . The immediate early and widely expressed bZip transcription factor ATF3 was also shown to be preferentially up-regulated in the atrial chambers of mice treated with angiotensin II, whereas adrenergic stimulation induced ATF3 similarly in all chambers (49) . Based on these observations, it is likely that additional TFs in the heart display differential chamber activity in response to specific pathological stimuli.
This study has revealed that genes uniformly expressed in the heart exhibit preferential chamber sensitivity to the loss of a broadly expressed TF. Differences in gene expression in the cardiac chambers are often overlooked when analyzing postnatal mutant phenotypes of widely expressed factors. Typically, only the ventricles are used as the primary source of RNA and protein for molecular characterization of a phenotype. It is assumed that a phenotype observed in the ventricles will be generally applicable to the entire heart. Thus, greater attention to potential differences in the chambers may lead to a deeper understanding of the mechanisms of region-specific cardiomyocyte function. This information could be used to develop therapies that selectively target pathways in those chambers susceptible to structural damage or dysfunction in diseases such as atrial fibrillation or arrhythmogenic right ventricular cardiomyopathy.
Experimental procedures
RNA isolation
Atrial and ventricular chambers were separated from hearts of adult wild-type and MEF2A KO mice (2 months of age), and total RNA was isolated using TRIzol (Invitrogen). MEF2A KO mice were maintained in a C57BL6/129Sv genetic background as described previously (24) .
Microarray and expression analysis
Total RNA was isolated from wild-type and knock-out cardiac chambers separately (WT atria, WT ventricles, KO atria, and KO ventricles) and pooled (n ϭ 7 per pool). Samples were
MEF2A regulates distinct gene programs in cardiac chambers
applied to individual GeneChip gene 1.0 ST array system for mouse (Affymetrix) arrays. A 1.5-fold difference in KO samples compared with WT was used to sort dysregulated genes into one of the three categories: preferential atrial, preferential ventricular, or dysregulated in both atria and ventricles. To distinguish chamber-enriched genes from uniformly expressed genes in WT hearts, a minimal enrichment cutoff was applied at 2.0fold. Microarray data are available on NCBI (GEO accession GSE95364).
Reverse transcriptase-PCR and quantitative RT-PCR
Complementary DNA (cDNA) was synthesized from total RNA using Moloney murine leukemia virus reverse transcriptase (Promega), and cDNA levels were analyzed by PCR or quantitative RT-PCR (qRT-PCR). Quantitative RT-PCR was performed in triplicate wells using SYBR Green master mix (Applied Biosystems) with the 7900HT sequence detection system (Applied Biosystems). The primers used can be found in Table 3 . qRT-PCR data were analyzed using the ⌬⌬CT method.
Bioinformatics analyses
Top canonical pathways were determined for all three categories of dysregulated genes using the Ingenuity Pathway Analysis (Qiagen) and DAVID software (https://david.ncifcrf.gov/). Transcription factor enrichment analysis was performed on the proximal promoter region of genes preferentially dysregulated in each chamber using MatInspector (Genomatix). Analysis was limited to regions within 50 bp of predicted MEF2-binding sites to enrich for potential transcription factor co-regulator interactions. The analytical background was composed of a cross-section of genomic promoter sequences to discriminate between enriched motifs and generic promoter regions. Resulting enriched motifs were sorted by Z-score, with a Z-score greater than positive 2.0 being considered significantly enriched. The top 10 transcription factor families in each dysregulated gene set were compiled and arranged according to binding site enrichment pattern in each set.
Immunohistochemical analysis
Dissected whole hearts were embedded and frozen in Tissue-Tek O.C.T. Compound (Sakura Finetek) using a dry ice bath containing isopentane. Sixteen-micron cryosections (Leica CM 1850) were placed on charged slides, fixed in PHEM (4% formaldehyde, 60 mM PIPES, 20 mM HEPES, 10 mM EGTA, 2 mM MgCl 2 , 3% sucrose, pH 7.2), and then permeabilized in 0.3% Triton TM X-100, 1ϫ PBS prior to blocking in 10% BSA, 0.3% Triton TM X-100, 1ϫ PBS. Sections were incubated with anti-MEF2A (1:200; Santa Cruz Biotechnology), anti-PECAM (CD31; 1:200; R&D Systems), anti-WT1 (1:200; Santa Cruz Biotechnology), Alexa Fluor 568 goat anti-rabbit (1:200; Invitrogen), Alexa Fluor 488 donkey anti-goat (1:200; Invitrogen), and Alexa Fluor 488 goat anti-mouse (1:200; Invitrogen) antibodies in dilution buffer (1% BSA, 0.3% Triton TM X-100, 1ϫ PBS). Sections were mounted using media containing DAPI (Vectashield). Image fluorescence intensities were quantified using ImageJ.
Immunoblot analysis
Atrial and ventricular tissue from adult wild-type and MEF2A KO mice were separated and mechanically homogenized in lysis buffer (0.1% Nonidet P-40, 50 mM HEPES, 250 mM NaCl, 5 mM EDTA, protease inhibitors, Roche Applied Science), and supernatants were obtained by centrifugation. Lysates were electrophoresed on 10% SDS-polyacrylamide gels and then transferred onto a PVDF membrane (Bio-Rad). Antibodies used in this analysis include the following: anti-pFAK (1:500; Santa Cruz Biotechnology); anti-FAK (1:1,000; Santa Cruz Biotechnology); anti-TRAF6 (1:1,000; Santa Cruz Biotechnology); anti-MEF2A (1:2,000; Santa Cruz Biotechnology); anti-GAPDH (1:1,000; Santa Cruz Biotechnology); anti-histone H3 (1:5,000; Cell Signaling Technology); horseradish peroxidase conjugated goat anti-rabbit (1:10,000; PerkinElmer Life Sciences); and horseradish peroxidase conjugated goat antimouse (1:10,000; PerkinElmer Life Sciences). Samples probed for histone H3 were sonicated using Digital Sonifier 450 (Branson) prior to centrifugation.
Electrophoretic mobility shift assay
Tissue lysates from wild-type and knock-out chambers were used for gel-shift assays and incubated with 32 P-radiolabeled, double-stranded oligonucleotides containing a MEF2-binding site from the mouse c-jun promoter, or SRF-binding site from the rat Ncx promoter (oligonucleotide sequences are listed in Table 3 ). Gel-shift reactions were electrophoresed on 5% nondenaturing polyacrylamide gels. Dried gels were exposed on a storage phosphor screen (Amersham Biosciences).
Luciferase reporter constructs
The mouse Itga7 and Bex1 upstream genomic regions (ϳ500 bp) containing predicted MEF2-binding sites (Ϫ2610 to Ϫ2102 and Ϫ3090 to Ϫ2587, respectively) were cloned into pGL3 promoter (Promega).
Cell culture, transfections, and luciferase reporter assays
HEK293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) and 1ϫ penicillin/streptomycin/glutamine (Invitrogen). Primary NRVMs were isolated as described previously (41) . HEK293T cells were transfected using 1 mg/ml polyethyleneimine, and NRVMs were transfected using FuGENE 6 (Promega). Cells extracts were collected using 1ϫ cell culture lysis buffer and assayed for luciferase activity (Promega). Luciferase activity values were normalized to ␤-galactosidase activity values, except for Nkx2.5 transfections where total protein values (Bradford reagent, Bio-Rad) were used instead. Plasmids used in these assays include the following: pGL3b-1.5kb-Xirp2-luciferase; pGL3b-0.3kb-Xirp2-luciferase; pGL3p-Itga7-luciferase; pGL3p-Bex1-luciferase; pCMV-␤-galactosidase; pCDNA1-MEF2A; pCGN-HA-Nkx2.5; pCDNA3-HAND1; pCDNA3-HAND2; pCR3.1-ER␣; and pCMV-3Tag-9-ER␤.
Chromatin immunoprecipitation
Chromatin was immunoprecipitated from whole hearts using 5 g of protein-G beads (Santa Cruz Biotechnology) and Table 3 List of primers used in this study A list of RT-PCR and quantitative RT-PCR primers used for expression analysis and oligonucleotides used for gel electrophoretic shift assays is shown. All sequences are listed from 5' to 3'. Sequences listed in bold font indicate identical primers.
MEF2A regulates distinct gene programs in cardiac chambers
3 g of the anti-MEF2A antibody (Santa Cruz Biotechnology). For quantitative PCR (qPCR), 1 l of phenol/chloroform-extracted, immunoprecipitated chromatin or 1% input were used. For each primer pair, immunoprecipitated chromatin signal was adjusted against the respective 1% input signal. Primer sequences are listed in Table 3 .
Statistical analysis
All numerical quantification is representative of the mean Ϯ S.D. of at least three independently performed experiments. Statistically significant differences between two populations of data were determined using two-tailed Student's t test. p values of Ͻ0.05 were considered to be statistically significant. 
